The Sec secretion pathway is found across all domains of life. A critical feature of Sec 2 secreted proteins is the signal peptide, a short peptide with distinct physicochemical prop-3 erties located at the N-terminus of the protein. Previous work indicates signal peptides are 4 biased towards translationally inefficient codons, which is hypothesized to be an adaptation 5 driven by selection to improve the efficacy and efficiency of the protein secretion mechanisms. 6 We investigate codon usage in the signal peptides of E. coli using the Codon Adaptation 7 Index (CAI), the tRNA Adaptation Index (tAI), and the ribosomal overhead cost formu-8 lation of the stochastic evolutionary model of protein production rates (ROC-SEMPPR).
Parameters Description ∆η i
Cost of translating codon i relative to reference codon ∆M i Mutation bias towards codon i relative to the reference codon φ k Average Protein Production Rate of gene k Table 1 : Description of ROC-SEMPPR parameters used in this paper.
CAI and tAI 139
Analysis of CUB was also performed using CAI [41] and tAI [7] . Both CAI and tAI quantify 140 CUB by assigning weights to the 61 sense codons. For CAI, each codon is assigned a weight 141 based on its relative frequency to its synonymous counterparts in a reference set of highly 142 expressed genes, such as ribosomal protein coding genes. The key assumption of CAI is the 143 most frequent codons in the reference set are the most efficient codons [41] . In contrast, tAI 144 assigns weights based on tRNA abundances corresponding to a codon, as well as accounting 145 for codon-anticodon interactions. The key assumption of tAI is the most efficient codons are 146 usually those with the most abundant tRNA [7] .
which more closely resembles the codon usage of the reference set of genes, while a tAI 149 closer to 1 indicates a sequence is more closely adapted to the genomic tRNA pool [7, 41] . 150 Calculations for CAI were performed using the AnaCoDa [19] , while tAI was calculated using 151 the R package tAI [6] .
152
Generating Datasets
153
Previous analysis of the E. coli genome found a set of genes with CAI values that had a 154 negative correlation with their gene expression estimates [8] . It is believed many of these 155 genes were the result of horizontal gene transfer and had not yet reached evolutionary equi-156 librium with respect to their CUB. We repeated the analysis described in [8] on the current 157 E. coli K12 MG1655 genome (version 3, NC 000913.3). Briefly, correspondence analysis was 158 performed using CodonW [30] , followed by clustering based on the principle axis scores using 159 the CLARA algorithm [23] in R. Our analysis was consistent with the findings of [8] , reveal-160 ing 782 genes with a CUB deviating significantly from the majority of the E. coli genome.
161
We will refer to this set of 782 genes as the "exogenous" component of the genome and the 162 rest of the E. coli genome as the "endogenous" for simplicity. All analyses presented will 163 consider only "endogenous" genes because the "exogenous" genes may violate the implicit 164 assumptions of CAI and tAI and the explicit assumptions of ROC-SEMPPR.
165
Proteins with a signal peptide were split into the signal peptide and the mature peptide as those lacking a signal peptide -the first 23 codons of the nonsecretory genes were used. 169 We note the secretory genes have an average protein production rate φ approximately 10% 170 higher than that of the nonsecretory genes (φ = 1.08 andφ = 0.992,respectively, Figure S3 ).
171
As the strength of selection on CUB scales with protein production rate φ, we created a 172 control group that eliminates differences in the distribution of φ for the nonsecretory genes rejection sampling to create the "pseudo-secreted proteins". In brief, acceptance-rejection sampling is a procedure for sampling from a population such that its distribution of a metric 176 for one population mirrors the distribution of the same metric for another population. In 177 this case, the pseudo-secreted proteins were sampled such that the mean and variance of the 178 log(φ) values reflected those of the genes with a signal peptide. The CUB signature of a 179 gene varies with protein production rate φ; thus we can be more confident any differences 180 seen between genes with a signal peptide and pseudo-signal peptide genes are not due to 181 differences in their respective φ distributions. All pseudo-secreted proteins were split into two 182 regions we will refer to as the "pseudo-signal peptides" and the "pseudo-mature peptides"
183
(the first 23 codons and the remainder of the gene, respectively).
184
To assess the performance of CAI and tAI when comparing regions with differences in 185 the distributions of protein production rates φ and amino acid biases, simulated sequences 186 were used. Sequences based on the 5'-ends of nonsecretory genes, pseudo-signal peptides, and 187 signal peptides were simulated using the AnaCoDa package [19] . To normalize for amino acid 188 usage, sequences 23 amino acids in length were randomly generated to match the amino acid 189 frequencies of the signal peptides. The codon usage of these sequences was also simulated 190 in AnaCoDa, assuming either the φ distribution of the nonsecretory genes or the pseudo-191 secreted proteins. All sequences were simulated using the pausing times ∆η and mutation 192 bias ∆M parameters estimated from the 5'-end of endogenous nonsecretory genes. Notably, selection on codon usage near the N-terminus appears to be on average approxi-289 mately 50% weaker than the remainder of the gene based on the slopes β. Previous analyses 290 using a variety of codon usage metrics found CUB near the 5'-end to be weaker than middle 291 sections of the gene, with these differences being attributed to selection against nonsense er-292 rors and to maintain translation initiation efficiency by reducing mRNA secondary structure 293 [9, 13, 11, 16, 35, 32] . We confirm this trend using ROC-SEMPPR ( Figure S11 ).
294
[54] proposed selection for translation initiation efficiency was shaping signal peptide 295 codon usage, particularly the use of lysine codon AAA, at the second amino acid position.
296
While AAA appears to be slightly favored in signal peptides, which is not the case in the 
